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DICALCIUM SILICATE SOLID SOLUTIONS 
By Kenneth T. Greene* 





ABSTRACT 


Studies on the manner of combination of Na,O in portland cement clinker have 
revealed crystalline phases of chemical composition near that of 2CaO.SiO2, but 
possessing properties quite different from those heretofore reported for the 8 form 
of this compound. These phases result when certain compositions in the quater- 
nary systems Na,O-CaO-Al,0;-SiO, and Na,0-CaO-Fe,0;-SiO, are quenched from 
high temperatures. Optical, thermal, and X-ray diffraction data have been 
obtained which indicate that they are solid solutions of Na,O and Al,03 and of 
Na,O and Fe,0;, in a high-temperature form of 2CaO.SiO, having a hexagonal 
structure. There is also evidence that this hexagonal lattice is the fundamental 
structure of the a form of 2Ca0O.SiO.. 

In the pure compound the a-f inversion temperature has been reported to be 
1,420°+ 2° C, whereas in the phases described in this paper the transformation 
temperature may be lowered by as much as 245° C, e. g., to 1,175°+10° C. The 
inversion from @ to 8 is accompanied by considerable ex-solution of dissolved 
material, showing that the extent of solid solution of these oxides in B-2CaO.SiO, 
is much less than in thea form. As a result of this precipitation the grains of 8 
2CaO.SiO, are more or less densely clouded, closely resembling the grains of 
2CaO.SiO, in some commercial clinkers. The data also indicate that the complex 
twinning structure often observed in 2CaO.SiO, in portland cement clinker and 
in experimental preparations is the result of inversion from the a to the 8 phase, 
and is not typical of the a modification, as some investigators have believed. 
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I. INTRODUCTION 


In the course of a series of investigations on the phase relations of 
soda in portland cement clinker, there have been observed at times 
crystalline phases, which, although undoubtedly near in composition 
to that of dicalcium silicate, nevertheless differ rather markedly in 
optical properties from the f form of this compound as found in 
clinker. These phases resulted when charges composed of 2CaO.Si0, 
and small amounts of Na,O and AIl,O; or of Na,O and Fe,O,; were 
quenched at temperatures of 1,450° to 1,500° C. X-ray diffraction 
patterns of these preparations contain lines which are entirely absent 
from that of 82CaO.SiO, and are of a much simpler type. In order 
to understand these optical and X-ray results, a considerable amount 
of experimental work has been carried out, but until recently no 
satisfactory explanation had been found. 


*Research Associate at the National Bureau of Standards, representing the Portland Cement Association. 
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It was at first believed that a ternary compound of Na,O, CaO, F 
and SiO, might be formed, but this idea was abandoned because the [7 
distinctive X-ray patterns could not be produced unless a fourth & 
component, Al,O; or Fe,03;, was present in the heated charges. The 
possibility of a solid solution of Na,O and AI,O; or of Na,O and 
Fe,O; in a 2CaO.Si0, had been considered, but the sharp disagree- | 
ment with the optical properties of ‘a 2CaO.SiO,’’, as reported by [7 
Rankin and Wright [1]' and with the diffraction pattern as given by PF 
Hansen [2], was unexplained. The clue to the answer appeared in a [ 
recent paper by Bredig [3] on compounds of the type A,XO,, to which FF 
2CaO.Si0O, belongs. Using data obtained on solid solutions of 7 
2CaO.Si0, and 3CaO.P.0;, and by analogy to other similar structures 7 
among compounds such as the alkali sulfates, he presents ciety | b 


evidence for the existence at high temperatures of a hexagona 


crystal structure of 2CaO.SiO,. Bredig assumes that this form is é 


unstable at room temperature, and when in a pure state, always 
inverts upon cooling to one of the lower-temperature forms of 
2CaO.SiO,. He contends that this hexagonal form may be main- 
tained at room temperature by foreign material in solid solution. 

In Bredig’s paper are reproduced diffraction data for the substance 
7CaO. P,O;5.2Si02, which was originally studied by Nagelschmidt [4]. 
This phase is a solid solution of 3CaO.P,0; in 2CaO. SiO,, and Bredig 
found that the pattern may be satisfactorily explained by assuming a 
hexagonal crystal lattice of the type possessed by glaserite, 
(K,Na),SO,. Casual examination by the present author revealed a 
remarkable similarity between the interplanar spacings of this 
substance and those of the new crystalline phases obtained in the 
present work, and it was found that these heretofore unexplained 
results were in excellent agreement with calculated values based on 
a hexagonal lattice. It is the purpose of the present paper to offer 
this additional evidence relative to 2CaO.SiO,, together with other 
optical and thermal data which have been obtained. 

This new development has a direct bearing on the much-debated 
problem of the a-8 relationship of 2CaO.SiO,. The a-8 inversion was 
found by Rankin and Wright [1] to take place at 1,420°+2° C in the 
pure compound. The evidence for the existence of the a form at room 
temperature, either in portland cement clinker or in laboratory prepa- 
rations, has been questioned by a number of authors. Hansen [2] 
and Insley [5] have pointed out the similarity in optical properties and 
powder diffraction patterns between the forms of 2CaO.SiO, commonly 
known as a and 8, and conclude that the a form actually may never 
have been observed by them, but may have already inverted to the 6 
modification in the samples studied. The contention of Bredig [3] 
that a-2CaO.SiO, has a hexagonal crystal structure will be discussed 
in later paragraphs. 

Solid solution of foreign substances in the 2CaO.SiCQ, of clinker has 
been mentioned by various investigators. Sundius [6], Tavasci [7], 
and Insley, Flint, Newman, and Swenson [8] all consider the fine 
inclusions often observed in the 2CaO.Si0, of commercial clinker to 
be due to ex-solution. They note that these inclusions are often 
arranged in definite directions, with the result that the twinning 
structure is accentuated. 


1 Figures in brackets indicate the literature references at the end of this paper. 
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Other cases of solid solution in 2CaO.SiO, are found in the litera- 
ture. Rankin and Wright [1] observed a lowering of the a-8 inversion 
temperature of 25° C in certain compositions in the system CaQ- 
Al,O;-SiO,., although they were not able to detect solid solution in 
2CaO.SiO, by optical means. Bowen, Schairer, and Posnjak [9] found 
limited solid solution of 2FeO.SiO, in B-2CaO0.SiO., and comment on 
the difficulty of ot the a and 8 forms of the latter com- 
pound. Flint and Wells [10], in a study of the system CaO-B,0,-SiO,, 
encountered considerable solid solution of the calcium borates in 
2CaO.SiO,, resulting in a maximum lowering of the a-8 inversion 
temperature from 1,420° C to about 1,230° é Burdick [11] found 
that Fe,O; lowers the a-8 inversion temperature of 2CaO.SiO, to about 
1,360° C in the system CaO-Fe,0;-SiO,, although it was concluded 
that the amount of solid solution does not exceed 0.5 percent of Fe,O3. 
Since the lowering of an inversion temperature indicates a greater 
amount of solid solution in the high-temperature phase, it may be 
concluded that in these latter two systems the solid solution was rela- 
tively greater in the a than in the 8 modification. 


II. EXPERIMENTAL RESULTS 
1. PREPARATIONS CONTAINING Na,0 AND Fe,0; 
The preparation that gave the sharpest powder diffraction pattern 


contained 90.2 percent of 2CaO.SiO,, the remaining 9.8 percent being 


| Na,O and Fe,O;. The oxide composition after heating was as follows: 


Percent 
Rees: Sa oe eee Le 58.7 
OMe SL Sn a See 31.5 
Fe,0; ey Se yey ee eee eee 5.6 
Na,O ain since as. sin a et we aan ee a 4,2 


The sample from which the X-ray pattern was made was held at 
_ 1,450° C for 45 minutes and quenched in mercury. The interplanar 


' spacings obtained from the pattern,? and the values calculated for a 
: ede lattice, as suggested by Bredig’s paper, are presented in 
> Table 1. 


TABLE 1.— Powder diffraction pattern of preparation composed of 2CaO.Si0:, Na,O 
and Fe,03, quenched at 1,450°C. 


(Composition given above.) 


[vs=very strong; m=medium; s=strong; w=weak.] 











Hexagonal Estimated dak.t, dne.t, 

indices, hk.l intensity | experimental; calculated 
10.2 vs 2.81 2. 81 
11.0 vs 82.70 2.70 
20. 1 m 2. 218 2. 219 
20. 2 s 1. 945 1, 946 
00. 4 w * 1,749 1, 749 
12.2 m 1. 579 1. 578 
30.0 m 1. 559 1, 559 
11.4 m 1, 470 1, 471 
22.0 m 1. 350 1. 350 
13.2 Ww 1, 217 1. 216 
30. 4 w 1. 164 1. 166 




















* Values used in calculation of ao and ¢o. 
1The X-ray diffraction photographs were taken by H. F. McMurdie. 
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Using the spacings with the indices 11.0 and 00.4, the lattice con- 
stants are calculated to be d.=5.40 A and c¢=7.00 A. The axial 
ratio, c/a=1.30. The agreement between experimental and calculated 
values of d,,.; is so excellent that there seems to be no doubt of the 
correctness of the assumption of a hexagonal unit cell. 

A microscopical examination of this sample shows clear, slightly 
yellow crystalline grains with a small amount of dark-brown inter- 
stitial glass containing quench growths of high birefringence. Some 
of this glass is also included in the individual grains. Between crossed 
nicols the interference color of the crystalline material is a low-order 
gray in some fragments and in others an anomalous Berlin blue 
The birefringence is probably not greater than 0.005 and the mean 
index of refraction is 1.713+0.003. An interference figure suitable 
for a determination of the optical character could not be obtained. 
Figure 1, A and B,’ shows this preparation in ordinary transmitted 
light and between crossed nicols. 

When other samples of this composition were allowed to cool in 
the quenching furnace to various temperatures below 1,420° C and 


after quenching in mercury were examined microscopically, a striking | 
change in appearance was noted in those which has been cooled below |~ 


1,175°+10° C. Above this temperature the crystalline material is 
clear and, with the exception of a few relatively large inclusions of 
glass, homogeneous. Below 1,175° C, however, the material becomes 
inhomogeneous, being filled with a precipitate of fine-grained brown 


material. This condition indicates that ex-solution of material from | 


the solid phase has occurred. The charges cooled below the precipita- 
tion temperature also show optical properties for the matrix that 
differ from those of the high-temperature quenches. Samples cooled 
slowly to 1,150° C show higher indices of refraction and a higher bire- 
fringence than the clear phase stable above 1,175° C. These properties 
suggest B-2CaO.SiO,, and its presence was verified by an X-ray 
diffraction pattern of a charge which was heated to 1,450° C and 
cooled to 1,150° C at an average rate of about 23 degrees per minute. 
No lines of the hexagonal form are evident, and it is apparent that a 
discontinuous change in crystal structure has taken place. Figure 2, 
A and B, illustrates this preparation in ordinary light and between 
crossed nicols. There seems to be little doubt that ex-solution of the 
Na,O and Fe,O; from the high-temperature form has occurred during 
transition to the 8 modification. There may also be some remaining 
solid solution of these oxides in B-2CaO.SiO,, but it is apparently much 


less. 
2. PREPARATIONS CONTAINING Na,O AND Al,0; 


The results obtained with certain compositions in the quaternary 
system Na,O-CaO-Al,O;-SiO, are analogous in most respects to those 
in the Na,O-CaO-Fe,O,;-SiO, system. The best diffraction pattern 
resulted from quenching at 1,500° C a charge that had the following 
composition after having been heated: 


Percent 
SRE) Fe Ser Saree 0 62.1 
ER aa aren 31.3 
RRS | Ree aR. ARO Bet 3.8 
SER ERIE Ce Se 2.8 


‘. bey photomicrographs were taken by G. W. Ward. The immersion medium in each case was an oil 
of =1.675. 
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Preparation composed of 2CaO.SiO:, Na,O, and Fe.O3, quenched at 
L200" 'G, 


v transmitted light; B, crossed nicols. Magnification 900. 
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FIGURE 2.—Preparation composed of 2CaO.SiO., Na,O, and Fe.Q;, cooled slow! 
from 1,450° to 1,150° C and quenched. 


A, Ordinary transmitted light; B, crossed nicols. Magnification «900 
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iGURE 3.—Preparation composed of 2CaO.SiO:, Na,O, and Al,O;, quenched at 
1,500° C. 





4, Ordinary transmitted light; B, crossed nicols. Magnification «900 
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FIGURE 4 Preparation composed of 2CaO.SiOQ., NasO, and Al,Os, cooled slowl 
from 1,450° to 1,150° C and quenched. 


A, Ordinary transmitted light; B, crossed nico] Magnification 900 
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igure 5.—Preparation composed of 2CaO.SiO., NacO, and Al,O3, cooled slowly 
from 1,450° to 1,200° C and quenched. 


A, Ordinary transmitted light; B, crossed nicols. Magnification 900. 
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This represents 89.8 percent of 2CaO.SiO,, an excess of 3.6 percent of 
CaO, with the balance being Na,O and Al,O;. When a hexagonal 
structure is assumed for this material, and the theoretical interplanar 
spacings calculated as in the preceding section, the agreement with 
experimental values is quite satisfactory, although not as close as in 
the case of the material containing Fe,O;. This is explained by the 
fact that the pattern itself is less Gietinot. Two of the lines given in 
table 1 have corresponding lines too weak to measure on this film. 
The data are given in table 2. 

This lattice constants in this case are @=5.44 A and co=7.02 A. 
These are slightly greater than for the iron-bearing phase, although 
the ratio c/a is nearly the same, 1.29. 


TABLE 2.—Powder diffraction pattern of preparation composed of 2CaO.SiO:, Na,O 
and Al,O3, quenched at 1,600° C. 


Composition given on page 4. 
(vs=very strong; m=medium; s=strong; w=weak; vw=very weak.] 











Hexagonal Estimated | dae.i, experi- | dax.:, calcu- 

indices, hk.l intensity ment. ated 
10.2 | vs 2.81 2.81 
11.0 vs 2. 71 2. 72 
20.1 m 2. 238 2. 233 
20. 2 8 ® 1.955 1, 955 
OS Se ee (eee ae eee 1. 755 
12.2 m 1. 588 1. 588 
30.0 m 1. 569 1. 570 
11.4 w 1. 469 1. 474 
22.0 m * 1.361 1. 361 
13.2 vw 1, 226 1, 224 
i iE kh ac eeled 1.170 




















® Values used in calculation of ao and ¢o. 


Under the microscope the grains are for the most part clear and 
of irregular shape. The birefringence is rather low, and is estimated 
to be about 0.01. The optical character is positive, and uniaxial or 
biaxial, with a very small axial angle. It is believed that strain 
brought about by quenching may be the cause of the apparent 
biaxiality observed in some fragments. The indices of refraction as 
measured in immersion oils are w=1.702+0.003, e=1.712+9.003. 
The preparation is shown in ordinary light and between crossed 
nicols in figure 3, A and B, respectively. 

Upon subjection to slow cooling and quenching at different tem- 
peratures, this material was found to undergo a transition analogous 
to that described above for the material containing Fe,0O;. Below 
1,180°+10° C the transformation from the high-temperature form 
seems to be complete. The diffraction pattern of a sample heated 
to 1,450° C and cooled to 1,150° C at about 19 degrees per minute 
corresponds to that of 6-2CaO.SiO,. Here again the microscope 
reveals inhomogenity, indicating that precipitation from solid solu- 
tion has occurred. - Also prominent in the grains is a complex twinning 
structure comprising several sets of parallel laths intersecting at 
acute angles. The birefringence is somewhat increased and the 
indices of refraction are greater than in the higher-temperature 
form. Figure 4, A, is a photomicrograph of these grains as seen in 
ordinary transmitted light and with the same field between crossed 
nicols shown in figure 4, B. 
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In the course of the cooling experiments on this material, it was 
noticed that charges quenched from certain temperatures somewhat 
above 1,180° C had an appearance not entirely like that described 
in either of the two previous cases. This is well shown in figure 5, 
A and B. This sample was quenched at 1,200° C after being cooled 
from 1,450° C at approximately 17 degrees per minute. It appears to 
represent an intermediate state in which narrow blades of B-2CaO.Si0, 
have formed within the residual high-temperature solid solution. 
The minute inclusions resulting from rapid ex-solution, as seen in 
figure 4, A, are not present in this quenched charge. The blade-like 
forms have a higher index of refraction than the crystalline material 
which they penetrate, and also a greater birefringence, as figure 5, B, 
taken with crossed nicols, shows. The diffraction pattern of this 
sample contains lines of B-2CaO.SiO, as well as of the higher-tempera- 
ture solid solution, and it is apparently a composite pattern. Although 
it is, of course, possible that the blades of B-2CaO.SiO, may be strictly 
quench growths, the appearance suggests rather that they were in 
equilibrium with the matrix at the quenching temperature. Such a 
condition is possible in a type of system where the extent of solid 
solution is unequal in two crystalline phases of the same substance. 
Certain compositions will exhibit an inversion interval over which 
both of the forms exists in equilibrium, but in varying proportions. 
If such is true in this instance, the temperature 1,180° C represents 
the lower limit of the inversion interval for this particular composition. 

Just why a similar inversion temperature-interval was not observed 
in the charges containing Fe,O,; is not clear, unless the over-all per- 
centages of N asO and Fe,O0; exceed the limiting amounts that can be 
taken up by the 2CaO.SiO,. In such a case the transformation from 
the hexagonal to the 6 form takes place completely, under equilibrium 
conditions, at a temperature corresponding to the lower limit of the 
interval. This conclusion is supported by the fact that considerable 
glass was observed in the Na,O-Fe,O;, but very little in the Na,O- 
Al,O; charges, and may also explain why the intricate twinning of the 
2Ca0O.Si0, is much more distinct in one case than in the other, as seen 
by comparing figures 2, A, and 4, A. 


III. DISCUSSION 


The foregoing data seem to demonstrate the existence at high 
temperatures of solid solutions composed chiefly of 2Ca0O.SiO,z, 
possessing hexagonal crystal structures. Furthermore, it seems 
reasonable to conclude that this hexagonal type of structure is funda- 
mentally that of the a form of 2CaO.SiO,, since it has been shown to 
invert directly to the 8 form upon cooling. Bredig [3] reaches this 
conclusion, based upon data for the system Ca0-P,0;-Si0, and upon 
the fact that similar hexagonal structures were found to exist at high 
temperatures for Na,SOQ,, K,SO, and the solid solution (K,Na) SO, 
(glaserite), as well as for the compounds CaNaPO, and CaKPQ,. 
Since 2CaO.SiO, belongs to the same A,XO, molecular type, and 
since solid solutions of phosphates in 2CaO.SiO, take on this hexagonal 
structure at high temperatures, he argues that the pure compound 
may be expected to do likewise. Presumably this hexagonal 
a-2CaO.SiO, cannot be preserved at room temperature when pure. 

Bredig reports another solid solution of 3CaO.P,0; in 2Ca0.Si0, 









+ ra aia lehe er in Cees 























. Set An oat An ah Far wee Ae tet, Ot See FHC CUCU 


nai: A, tee bee 1 Se oe |6UeehC eee 666 «6 oe ee 


—- wie 





ESS SeeClUlUC(|wE OO _—_ sr VS 





a Mh ANAL > 1G AREMBSRE pi a 








Cite saath bc AAT AON EA 


SRD a eaten OLS 


ESS RE 


eh AI AAR A 





Dicalcium Silicate Solid Solutions 7 


in addition to the hexagonal phases. This material is isomorphous at 
room temperature with B-K,SO,, which is orthorhombic. He believes 
that the X-ray diffraction pattern given by Taylor [12] for the sub- 
stance K,0.23CaQ0.12Si0, indicates that it also is isomorphous with 
6-K,SO,. This question needs further experimental data for confirma- 
tion. In the present work no evidence of such an orthorhombic form 
was obtained. Only the hexagonal diffraction patterns and the 
familiar pattern of B-2CaO.SiO, were observed. The twinned grains 
of figure 4, A and B, are seemingly indistinguishable from those 
illustrated by Taylor [12] and given by him the formula K,0.23Ca0.12- 
SiO... Thus far it has not been found possible to distinguish between 
them by optical means alone. The X-ray patterns seem to offer the 
only method of differentiation. There is also need for more informa- 
tion on this important point. 

The postulation of an a form of 2CaO.SiO, unstable at room temper- 
ature provides an explanation for the practically identical optical 
properties and diffraction patterns given for the a and 6 forms [1, 2, 6]. 
The only usable distinguishing feature of a-2CaO.SiO, has been con- 
sidered to be an intricate twinning structure. It has been suggested 
by Insley [5] that the complex twinning so often observed in grains of 
2CaO.SiO, indicates that they have at some time been in the a state, 
rather than that they are at present in that state. The results re- 
ported in this paper tend to substantiate this belief, since the prepara- 
tions shown in figure 4, A and B, exhibit the twinned structure very 
strongly and yet give the X-ray pattern of the 8 form. The com- 
plicated twinning probably results, then, from the transition to the 
8 phase, and it appears that the transition is accompanied by precipi- 
tation of much of the material which was in solid solution in the a 
phase. This precipitation is not to be confused with the formation of 
prismatic B-2CaO.Si0, (fig. 5, A and B), which takes place continuously 
over a temperature interval. From all indications, the fine-grained 
precipitate is produced suddenly at the temperature below which 
the hexagonal a structure is unstable, in this case 1,180° C. 

It is of interest to note that Tavasci [7] also considered the twinning 
of 2CaO.SiO, to be related to the inversion from the a to the 8 form, 
and that he observed in some grains needles which he believed to 
consist of an unstable intermediate form. The description of these 
needles fits rather well the prismatic phase of figure 5, A and B. 

When 2CaO.SiO, in portland cement clinker is examined micro- 
scopically, it often exhibits an optical character that is nearly uniaxial.‘ 
If the internal crystal structure of this phase is shown by X-ray studies 
to be basically that of a uniaxial crystal, then the presence in com- 
mercial clinker of hexagonal a-2CaO.SiO, would be definitely indicated. 
If, however, the structure should be shown to be fundamentally biaxial, 
it would merely mean that the optic axial angle is nearly zero. Since 
the X-ray diffraction pattern of 6-2CaO.SiO, indicates that its sym- 
metry is that of a biaxial crystal, an investigation of clinkers of recent 
manufacture would doubtless give a definite answer to the question 
of whether the phase observed is actually a-2CaO.SiO, or B-2CaO.SiO, 
with a small optic axial angle. That 6-2CaO.SiO, can exhibit a very 
small axial angle was shown by Hansen [2]. Since this was in dis- 
agreement with Rankin and Wright [1], who reported large angles for 


‘ Personal communication from L. 8. Brown, Portland Cement Association, Chicago, Ill. 
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both a- and f-2CaO.SiO,, Hansen concluded that ‘‘the size of the 
optic axial angle alone is not a safe criterion to use in identifying a 
crystalline phase in such mixtures as portland cement.” 

It must be borne in mind that the greater the purity of 2CaO.SiO,, 
the higher is the a-8 inversion temperature, approaching as a limit 
1,420° C. With increased purity there is an increased difficulty in 
retaining the a form at room temperature. Thus the rate of cooling 
must be correspondingly greater in order to prevent inversion. How 
rapid this cooling must be is indicated by experiments on the compo- 
sitions given in this paper. Charges of less than a gram were found to 
require quenching in mercury to insure complete retention of the a 
solid solutions. iie-cidiinn by lifting the charges from the furnace 
was not sufficient, and resulted in a partial inversion of the phases. 
Commercial clinker certainly cools more slowly than these small 
laboratory charges. Furthermore, the alkali content of clinker is 
considerably lower than that of these experimental preparations. 
Therefore, it is probable that in portland cement clinker and in most 
laboratory preparations the conditions of composition and of cooling 
have not been favorable for the preservation of the a-2Ca0.Si0, 
solid solutions which exist at high temperatures. 

From the present investigation it appears that a considerably 
greater percentage of Na,O than is customarily found in commercial 
clinker is necessary to insure the retention of the a-2CaO.SiO, struc- 
ture under prevailing rates of cooling. Although the ratio of Na,O 
to calculated 2CaO.SiO, may be appreciable in some clinkers, experi- 
mental results indicate that aside from the cooling rate the retention 
of the a form does not depend upon this ratio as much as upon the 
over-all concentration of Na,O in the mixture. However, these 
results do not preclude the preservation of a-2CaO.SiO, in portland 
cement clinker by components other than Na,O. It may possibly be 
found that the combined effect of minor oxides, such as the alkalies, 
POs, TiO,, and FeO, is sufficient to bring this about under conditions 
of quick cooling. 

The percentages of Na,O reported as present, after heating, in the 
preparations described in this paper were determined by chemical 
analysis. However, it is not known how much Na,O actually enters 
the crystal lattice in either of the two solid solution phases. It is 
quite certain that both Na,O and Fe,O; in the one case, and Na,O and 
Al,O; in the other, enter into the high-temperature form of 2CaO.SiO,, 
but the ratios in which they are taken up are not easily determined. 
The inclusions resulting from precipitation are very fine-grained and 
are surrounded by the crystalline matrix, so that analysis by optical 
means is sendy difficult. 

There is evidence that oxides and combinations of oxides other than 
those for which data are given may pass into solid solution in 
a-2Ca0.SiO,. Preliminary experiments show that K,O and Fe,0; added 
in certain proportions will preserve the a structure and it is probable, 
though not certain, that K,O and Al,O; can accomplish the same result. 
Complexly twinned grains of 2CaO.SiO, have been observed in the 
system Na,O-CaO-SiO, by the writer and also by Taylor, of this 
laboratory. These grains give the diffraction pattern of B-2CaO.Si0O,, 
but the writer believes that at high temperatures they were in the a 
state and that there existed at least a small amount of solid solution. 
Apparently the inversion cannot be prevented by quenching with 
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only these three components present. The degree of solid solution 
which may occur in B-2Ca0O.Si0, is also of importance in the study of 
the oxide systems of cement. The data presented in this paper show 
that for the compositions investigated, at least, this solid solution is 
much less than in the higher-temperature, or a form. The exact 
amount in any particular case is difficult to determine, but quenching 
experiments with examination for glass have indicated that in the 
system Na,O-CaO-Al,O;-SiO, it is very small, probably less than 2 
percent of Na,O and Al,O, combined. A slight lowering of the indices 
of refraction of B-2CaO.SiO, has been observed, and seems to be due 
largely to the influence of the Na,O. X-ray diffraction patterns have 
shown small shifts in some of the lines, but scarcely more than the 
variation to be expected from experimental error. 

The industrial significance of the information presented in this 
paper lies mainly in the value which it may have in better understand- 
ing the structure of portland cement clinker. Investigators have 
recognized that 2CaO.SiO, varies in appearance and properties in 
different clinkers, and even in different samples of the same clinker. 
Classifications of the 2CaO.SiO, into types have been made on the 
basis of its microscopic appearance in polished and etched specimens 
of clinker [5, 7, 8]. The formation of these types is dependent, among 
other factors, upon the conditions of heating and cooling, as well as 
upon the chemical composition, and it is reasonable to expect that 
future studies on the structure of clinker will result in the correlation 
of the data concerning the observed types of 2CaO.SiO, with the solid 
solution and a-8 inversion relationships as determined on laboratory 
preparations. 

It is also possible that these results may help to explain the greater 
difficulty of bringing about the combination of CaO with the other 
components in clinkers high in alkalies. Taylor [12] has discussed this 
matter in connection with the potash systems of cement. If 2CaO.SiO, 
solid solutions containing Na,O or K,O are formed in clinker, the 
tendency to react with CaO to produce 3CaO.SiO, may be considerably 
affected. Itis possible that the a form of 2CaO.SiO, may behave quite 
differently from the 8 as regards its reactivity with CaO, just as B- and 
y-2CaO.SiO0, have different rates of hydration. Thus far there_are no 
experimental data on this point. 


IV. SUMMARY 


X-ray diffraction, optical, and thermal data are presented as evi- 
dence that at high temperatures 2CaO.SiO, forms, with Na,O and 
Al,O; and with Na,O and Fe,Os, solid solutions which have hexagonal 
crystal structures. These solid solutions probably possess the funda- 
mental crystal lattice of a-2-CaO.SiO,. The oxides in solid solution 
preserve the a form, so that it may be quenched to room temperature. 

The a-8 inversion temperature of the crystalline phases described 
in this paper was lowered to a minimum of about 1,175° to 1,180° C. 
Accompanying the inversion to 6-2CaO.SiO, is the precipitation of 
much of the material held in solid solution in the a form. In the case 
of the preparations containing both Na,O and AI,O;, there appears to 
be an inversion interval over which both modifications may exist in 
equilibrium. A possible explanation is given on the basis of the solid- 
solution relations. 








10 Journal of Research of the National Bureau of Standards 


Data are given to support the view that complex twinning in 
2CaO.SiO,, as observed in laboratory charges and in portland cement 
clinker, is evidence that the inversion from the @ to the 6 modification 
has already taken place. 

It is concluded from optical and X-ray data that in the composi- 
tions studied in this investigation the amount of solid solution in 
B-2CaO.SiO, is very small in comparison with that which may exist 
in the a form. 

A brief discussion of the industrial significance of the results is 
given. 


V. REFERENCES ~ 


G. A. Rankin and F. E. Wright, Am. J. Sci. [4] 39, 1 (1915). 
W. C. Hansen, J. Am. Ceram. Soc. 11, 68 (1928). 
M. A. Bredig, J. Phys. Chem. 46, 747 (1942). 
G. Nagelschmidt, J. Chem. Soc. (1937) 865. 
Herbert Insley, J. Research NBS 17, 353 (1936) RP917. 
N. Sundius, Z. anorg. allgem. Chem. 213, 243 (1933). 
B. Tavasci, Giorn. chim. ind. applicata 16, 538 (1934). 
H. Insley, E. P. Flint, E. S. Newman, and J. A. Swenson, J. Research NBS 
21, 355 (1938) RP1135. 
(9] N. L. Bowen, J. F. Schairer, and E. Posnjak, Am. J. Sci. [5] 25, 273 (1933) 
[10] E. P. Flint and L. S. Wells, J. Research NBS 17, 727 (1936) RP941. 
{11] M. D. Burdick, J. Research NBS 25, 475 (1940) RP1340. 
[12] W. C. Taylor, J. Research NBS 27, 311 (1941) RP1421. 


—" 


toned Seed 





CO SID Or Co DD 





WasuineTon, August 20, 1943. 





x 
y 


Shite tghee eE 














U. S. DEPARTMENT OF COMMERCE NATIONAL BurEAU OF STANDARDS 
RESEARCH PAPER RP1571 


Part of Journal of Research of the National Bureau of Standards, Volume 32, 
January 1944 





HYDROCARBONS IN THE GASOLINE FRACTION OF SEVEN 
REPRESENTATIVE CRUDES, INCLUDING ALL THE DIS- 
TILLATE TO 102° C AND THE AROMATICS TO 160° C?:? 


By Alphonse F. Forziati,* Charles B. Willingham, * Beveridge J. Mair, and 
Frederick D. Rossini 


ABSTRACT 


This paper is the second report of an investigation on the analysis of the gasoline 
fraction of representative crude petroleums by the API Research Project 6 at 
the National Bureau of Standards. The samples for analysis were selected so as 
to cover the largest possible range in composition; included one high in aromatics, 
one high in isoparaffins, one high in normal paraffins, and one high in naphthenes 
(cycloparaffins); and came from the following fields: Ponca, Okla.; East Texas; 
Bradford, Pa.; Greendale-Kawkawlin, Mich.; Winkler, Tex.; ; Midway, Calif. ; 
Conroe, Tex. The fractionating processes of adsorption and distillation were used 
in the analysis. 

Data are given on the amounts of the individual hydrocarbons (paraffins and 
naphthenes, 40° to 102° C, and aromatics to 160° C) in the gasoline fraction of 
the seven naphthas. A number of conclusions have been drawn from the data. 
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I, INTRODUCTION 


A year ago the API Research Project 6 reported a description of a 
method for analyzing the gasoline fraction of petroleum, with prelim- 
inary results on East Texas and Oklahoma crudes [1].* This was the 
first report on an investigation of the hydrocarbons in the gasoline 
fraction of a number of representative crudes, selected so as to cover 
the largest possible range in composition. 

The present paper is the second report on this investigation and 
gives the results obtained on the hydrocarbons in the gasoline fraction 
of seven different naphthas, covering the paraffins and naphthenes to 
102° C and the aromatics to 160° C. Subsequent reports will deal 
with the paraffin and naphthene hydrocarbons above 102° C and the 
aromatics above 160° C.* 


II. NAPHTHAS INVESTIGATED 


The Advisory Committee *® for the API Research Project 6 drew 
up the following specifications for the naphthas to be investigated: 

The gasoline fraction should be the straight-run cut, preferably from large-scale 
operation or at least obtained by fractionation comparable to refinery fractiona- 
tion. The 90-percent point should be near 350° F (177° C). The material should 
be washed with caustic to remove hydrogen sulfide. The sample should contain 
its full proportion of hexanes but should preferably be debutanized. Each con- 
tributor should provide 15 gallons of the product, of which 5 gallons should be 
sent to Project 6 at the National Bureau of Standards and 10 gallons should be 
retained in safe storage by the supplier. 

The seven naphthas selected by the Advisory Committee for 
investigation are shown in table 1, which gives the field from which 
the crude was produced, the general type of the naphtha, and the 
company supplying the sample. As may be seen from the table, 
the naphthas include two which are classed as intermediate, one 
high in paraffins, one high in normal paraffins, one high in isoparaffins, 
one high in naphthenes, and one high in aromatics. ‘The intermediate 
naphtha labeled Ponca, Okla. is from the original Midcontinent 
petroleum that was under investigation by the API Research 
Project 6 for many years and from which a total of 69 pure hydro- 
carbons have been isolated from the gas, gasoline, and kerosine 
fractions [2]. 


TABLE 1.—Source and general type of the naphthas investigated 














Field Type Supplier 
Ponca, Okla_. - | Intermediate............___- Continental Oil Co. 
East Texas._...._.-- Se Bey ee ...| Standard Oil Development Co. 
Bradford, Pa________-- ...| High in paraffins_...__.._.__-- Quaker State Oil Refining Co. 
Greendale-Kawkawlir, Mich High in normal paraffins..._._| Pure Oii Co. 
i _...| Higa in isoparaffins..__..____- Standard Oil Ce. (Indiana). 
a” High in naphthenes-__--_-__-__--- Standard Oil Co of California. 
RN, BR ccic clacanucobaneaee High in aromatics._........._._.| Humble Oil & Refining Co. 











*Figures in brackets indicate the literature references at the end of this paper. 
‘ For reports of previous investigations on hydrocarbons in straight-run gasolines, the reader is referred 
& number of papers published by Fenske and associates from the Petroleum Refining Laboratory of the 
Pennsylvania State College [6, 7, 8, 9, 10]. 
J. Bennett Hill, Sun Oil Co., chairman; Wm. J. Sweeney, Standard Oil Development Co., Seymour 
W. Ferris, The Atlantic Refining Co.; Albert E. Miller, Technical Advisory Committee, Petroleum 
Industry War Council. 
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III. GENERAL DESCRIPTION OF THE METHOD 


As previously reported [1], the method of analysis consists es- 
sentially in applying the fractionating processes of adsorption and 
distillation to the naphtha fraction. The process of adsorption is 
used to separate a given sample of a gasoline fraction into two portions, 
one containing all the paraffin and naphthene hydrocarbons and the 
other containing all the aromatic hydrocarbons, together with the 
nonhydrocarbon components. From the latter portion, the small 
amount of nonhydrocarbon components (principally sulfur com- 
pounds) are separated by further adsorption to give a clean aromatic 
portion. Then the paraffin-naphthene portion and the clean aromatic 
portion are separately subjected to an analytical distillation at a high 
reflux ratio in columns of high efficiency and low holdup. 

It is well known that a mixture of aromatic hydrocarbons with 
paraffins and naphthenes constitutes a nonideal mixture, and that the 
distillation of such a mixture yields quite unsatisfactory results, 
primarily because aromatic hydrocarbons in mixtures with paraffins 
and naphthenes have much greater partial pressures at a given tem- 
perature and concentration than are called for by the ideal solution 
laws, and hence always concentrate in the distillate at temperatures 
appreciably below their normal boiling points. On the other hand, 
a mixture of paraffins and naphthenes (cycloparaffins) is substantially 
ideal, and likewise a mixture of aromatic hydrocarbons is substantially 
ideal. The separate distillation of these two mixtures yields results 
which are quite satisfactory. This is a great advantage of the present 
method of analysis. 

The separation of the naphtha into a paraffin-naphthene portion 
and an aromatic portion by the process of adsorption requires only 1 
or 2 days, depending upon the quantity of aromatics to be separated. 
On the other hand, as previously reported [1], the analytical distilla- 
tion of the two separate portions may be made to require as little 
as 2 or 3 days or as much as 2 or 3 months, depending on the extent to 
which the resolution by distillation is to be carried. 





IV. PROCEDURE OF THE PRESENT INVESTIGATION 


The procedure followed in the analysis of the seven naphthas is 
given hereinafter. 


1. DETERMINATION OF THE AMOUNTS OF AROMATIC AND SULFUR 
COMPOUNDS 


The sulfur content of the naphthas as received was determined by 
the ASTM lamp method under the supervision of R. C. Hardy in the 
Lubrication and Liquid Fuels Section of this Bureau. 

The amount of sulfur compounds, in percentage by volume, was 
calculated from the percentage by weight of sulfur, using the factor 
3.7. This factor was obtained by assuming that each sulfur compound 
has one atom of sulfur per molecule, that the average molecular weight 
of the sulfur compounds is 130, and that the average density of the 
sulfur compounds is 0.83. 

The aromatic content of each naphtha as received was determined 
by the method of analysis by adsorption [1, 3] recently developed by 
the API Research Project 6 at this Bureau. 











14 Journal of Research of the National Bureau of Standards 


2. SEPARATION OF THE NAPHTHA INTO A PARAFFIN-NAPHTHENE 
PORTION AND AN AROMATIC PORTION 


The process of adsorption used in the present investigation to 
separate and recover the aromatic hydrocarbons from the paraffins 
and naphthenes is discussed in the first report [1, 4]. The quantity of 
sample was selected so as to produce not less than about 500 ml of a 
clean aromatic portion nor less than about 3,500 ml of a paraffin- 
naphthene portion. 


3. ANALYTICAL DISTILLATIONS 


The analytical distillations of the seven aromatic portions and the 
seven paraffin-naphthene portions were performed at a high reflux 
ratio in columns of high separating efficiency and low holdup [1]. 
Fractions were collected in amounts ranging from about 6 to 7% ml, 
thus producing about 550 fractions from each paraffin-naphthene 
portion and nearly 100 fractions from each aromatic portion, or a 
total of about 650 fractions from each naphtha and about 4,500 frac- 
tions from all seven naphthas. From each distillation, which was 
performed as previously reported [1] at a controlled pressure of 779 
mm Hg, a record was obtained giving the boiling point as a function of 
the volume of distillate. 


4. EXAMINATION OF THE FRACTIONS OF DISTILLATE 


For each fraction of distillate, measurement was made of the refrac- 
tive index, ng, at 25° C. From these data, a plot was made giving the 
refractive index of the distillate as a function of its volume. Over the 
range from about 75° to 95° C, several successive fractions were 
combined for measurement of the density. The latter data with the 
refractive index yielded a plot of refractivity intercept, n—d/2, as a 
function of volume, for the range 75° to 95° C. 


5. DETERMINATION OF THE INDIVIDUAL PARAFFINS AND 
NAPHTHENES 


The individual paraffin and naphthene hydrocarbons in the range 
40° to 102° C. were determined as follows: 

Cyciopentane, 2,2-dimethylbutane.—The sum of these two components 
was determined from the boiling point-volume plot, and the relative 
amounts of the two components from the refractive index-volume plot. 
Combination of these data gave values for the two components 
individually. 

2,3-Dimethylbutane, 2-methylpentane, 3-methylpentane, n-hexane, 
methylcyclopentane.—Each of these components was determined in- 
dividually, using both the boiling point-volume and the refractive- 


index—volume plots. 
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2,2-Dimethylpentane plus 2,4-dimethylpentane, cyclohexane.— The 
sum of these three components was determined from the boiling-point- 
volume plot. The relative amount of the paraffins to the naphthene 
was determined from the refractivity-intercept-volume and refrac- 
tive-index—volume plots. These two lots of data yielded the amount 
of cyclohexane and the sum of the two dimethylpentanes. 

1,1-Dimethylcyclopentane, a plus 2-methylhezane, 
trans-1 ,3-dimethyleyclopentane, trans-1 ,2-dimethylcyclopentane, 3-methyl- 
herane.—The sum of these six components was determined from the 
boiling-point-volume plot. The relative amounts of the three 
paraffins and the three naphthenes was determined from the refrac- 
tivity-intercept—volume plot. The amount of 1,1-dimethylcyclopen- 
tane was estimated from the boiling-point-volume plot. The sum 
of the first four components and the sum of the last two components 
were estimated from the boiling-point-volume and _ refractivity- 
intercept—volume plots. The relative amounts of trans-1,2-dimethyl- 
cyclopentane and 3-methylhexane were estimated from the refractive- 
index—volume and refractivity-intercept-volume plots. These five 
lots of data serve to solve for the individual amounts of four hydro- 
carbons and the sum of two hydrocarbons, as indicated. 

n-Heptane, methylcyclohexane.—Each of these components was de- 
termined individually from the boiling-point—volume and refractive- 
index—volume plots. 


6. DETERMINATION OF THE INDIVIDUAL AROMATIC COMPONENTS 


The individual aromatic components to 160° C were determined as 
follows: 

Benzene, toluene-—Each of these components was determined 
individually from the boiling-point—volume plot. 

Ethylbenzene, p-xylene, m-rylene, o-xylene—The sum of the four C, 
aromatics was determined from the boiling-point-volume plot. The 
amount of o-xylene was determined from the boiling-point-volume 
plot. The fractions containing all the ethylbenzene and p-xylene 
were combined, including the material from 111° to 150° C, and the 
amounts of ethylbenzene and of p-xylene in this mixture were de- 
termined © individually by the method of measurement of freezing 
points recently developed by the API Research Project 6 at this 
Bureau [5]. The amount of m-xylene was obtained by difference. 

Isopropylbenzene, n-propylbenzene.—Each of these components was 
determined individually from the boiling-point—volume plot.’ 


sia — determinations were made by A. J. Streiff, Research Fellow on the API Research Project 6 at 
1is Bureau. 


7 The other Cy aromatics normally boil above 160° C and will be discussed in a later report. 
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Figure 8.—Plot of the boiling point and refractive index of the distillate from the 
analytical distillation of the aromatic portion of the Ponca, Okla., naphtha. 


See figure 1 for explanations of curves and symbols. See text for explanation of the letters A to L. 
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FiguRE 9.—Plot of the boiling point and refractive index of the distillate from the 
analytical distillation of the aromatic portion of the East Texas naphtha. 


See figure 1 for explanations of curves and symbols. See text for explanation of the letters A to L. 
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FicurE 10.—Plot of the boiling point of the distillate from the analytical distilla- 
tion of the aromatic portion of the Bradford, Pa., napthta. 
The scale of ordinates gives the boiling point at 770 mm Hg in degrees centigrade. The scale of abscissas 
gives the volume of distillate in ml. The solid circles give the boiling points of the indicated pure com 
ponents. See text for explanation of letters A to L. F 
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Ficure 11.—Plot of the boiling point and refractive index of the distillate from the 
analytical distillation of the aromatic portion of the Greendale-Kawkawlin, Mich. 
naphtha. 


See figure 1 for explanations of curves and symbols. See text for explanations of the letters A to L 
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Ficure 12.—Plot of the boiling point of the distillate from the analytical distillation 
of the aromatic portion of the Winkler, Tex. naphtha. 


See figure 10 for explanations of curves and symbols. See text for explanations of the letters A to L. 
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Ficure 13.—Plot of the boiling point and refractive index of the distillate from the 
analytical distillation of the aromatic portion of the Midway, Calif. naphtha. 


See figure 1 for explanations of curves and symbols. See text for explanations of the letters A to L 


ton 





28 Journal of Research of the National Bureau of Standards 





SOPROPYL BENZENE 
E N-PROPYLBENZENE 


M-KYLENE 
I O-KYLENE 
= aes <2 
=iesasiok 


Le, 


Ls 





CENTIGRAOCE 


\ 


+ 


1 
OENZENE 


} 








REFRACTIVE INDEX,Ng® 


TE MPOERATURE 











aa | 
100 200 


——— | 





a co i 
Ficure 14.—Plot of the boiling point and refractive index of the distillate from the 
analytical distillation of the aromatic portion of the Conroe, Tex. naphtha. 
See figure 1 for explanations of curves and symbols. See text for explanations of the letters A to L. 





the 


Be ee 


Hydrocarbons in the Gasoline Fraction 29 


v. ANALYTICAL DATA ON THE SEVEN NAPHTHAS 


The analytical data obtained * on the seven naphthas are given’ in 
figures 1 to 14 and tables 2 to 5. 

Table 2 gives the amounts of the aromatic and sulfur compounds 
in the naphthas as received. 

Figures 1 to 7 give, respectively, for the paraffin-naphthene portion 
of each of the seven naphthas to 102° C, plots of the boiling point 
and the refractive index of the distillate as a function of its volume. 
Figures 8 to 14 give, respectively, for the aromatic portion of each 
of the seven naphthas plots of the boiling point and (except for the 
Bradford, Pa., and Winkler, Tex., naphthas) the refractive index of 
the distillate as a function of its volume. 


TABLE 2.—Aromatic and sulfur content of the naphthas as received 

















| 
Aromatic hy- 
7 Sulfur Sulfur com- 
Naphtha | drocarbons 
| content pounds content content 
| % (by wt) % (by volume) | % (by volume) 
OE, EE ae as eee EEE a ey MTR EE | 0.017 0.06 +. 03 9. 8+. 2 
WE iste a cas ce wkb vauiteen enc adds sce oaseneGewteoenads . 033 .12 +. 04 10. 4+. 2 
UNNI MER nN Sete goods ea see bat ensenaue -012 04 +.02 8.34.3 
Greendale-Kawkawlin, Mich............-.-.-...-.--------- | .014 .05 +. 02 7. 2+. 2 
Witkin, (es.. -.-< 8<--.20002------ Saas Sn SRB TS .159 59 +. 10 4. 9+. 2 
a ee Rae Ok eee ERI OAS. . 045 17 +.05 8.04.2 
pr eh ee aT eee Rael ee Bier e eae | . 002 . 007. 005 27. 6. 5 





TABLE 3.—Amounts of the individual hydrocarbons in the paraffin-naphthene poriion, 
40° to 102° C, of the seven naphthas 








ner 
ma 

— uncer- 
Boil- Ponca, East Brad- Kaw- Wink- Mid- Con- tainty 


ler, | way, | roe, | of indi- 


> ford, 
ing | Okla. | Texas | “p,’ | Kaw- | tex. | Calif.| Tex. | vidual 





















































Component point lin, 

at 1 Mich. — 

atm. a 

tion 
Percentage, by volume, of the paraffin-naphthene portion, 

40° to 102° C 
; = C 
m® Cyclopentane.....................-- 49.26; 0.40| 0.74] 0.57) 0.62) 116] 2.39) 0.76 0. 12 
& 2,2-Dimethylbutane -............-.- 49. 74 . 33 . 44 . 40 -13 | 0.92; 0.81 - 61 12 
' 2,3-Dimethylbutane.............-.- 57.99 .66} 1.00; 1.14 -76 | 2.08 . 98 . 99 12 
 2Methylpentane..............-...- 60. 27 3. 27 6. 30 9. 10 3. 45 6. 61 5. 50 4.94 12 
3-Methylpentane..._...__- Le 63.28 | 3.03 | 4.79 5.41 2.27 | 16.53 | 3.73 | 3.42 12 
SS eee eae een 68.74 | 15.79 | 12.59 | 15.61 | 20.06} 4.47] 6.14 7. 59 10 
d sect yiermepentene Oe ener 7? 7.60; 9.49 | 3.65 | 4.04) 6.12); 13.02; 911 10 
» 44Vimethyipentane..............- . 
iim... 30. sy |} 0-83 | 238] 220] 0.76] 3.25] 1.47] 1.29 i) 
4 Oe ee i rane 80. 74 6. 23 4. 80 4.75 5.14 2. 57 8.10 | 13.29 15 
q (2,2,3-Trimethylbutane). .......__-- ee Pee ne | uaNawel eieaa ce iaeedtand meckters 6usion 
| (3,3-Dimethylpentane).... oe | | ee Ae Se See hl RS See Pee See 
Z Hy coven nn ter ma 8 4 1. 42 1.43 1.41 | 0.93 | 245; 1.87) 137 40 
, -Dimethylpentane.._.- .| 89. 

iors ggg taae ao } 9.46| 9.23] 9.76| 4.86 | 17.67] 7.01| 7.60 . 50 
: trans-1,3-Dimethylcyclopentane ....| 90.8 | 10.41 | 10.23} 4.00; 1.76| 6.08 | 17.05| 4.77 - 60 
_ trans-1,2-Dimethylcyclopentane.....| 91.9 3.56} 4.11 | 3.76) 0.63 | 4.60) 666) 1.25 - 50 
B 3-Methylhexane. ................--- 91.95 | 2.87] 3.05| 403] .93] 1455] 196] 1.43 . 50 
= (3-Ethylpentane)_...........-.....- SG Re) Oe Ee eee Re Se FE BNee es Treen 
| (cis-1,3-Dimethyleyclopentane). - . - . a ee Me ae ec et ee 
Ce ee i 98.43 | 19.92 | 12.13 | 18.82 | 34.04 5.02 | 3.85 | 10.63 .12 
(2,2,4-Trimethylpentane)..........- Ce OE RENEE Resi, PARE: SCRE LONE eS iiss TEES 
| (cis-1,2-Dimethyleyclopentane)....- CSR eee PCa ee" ieee aes leier e eiaS Tee ee 
© Methylcyclohexane............---.- 100.93 | 14.22 | 17.20 | 15.30 | 10.61 | 582 | 19.46 | 30.95 -2 
| ET Te nn 100. 00 |100.00 |100.00 |100.00 |100. 00 |100.00 '100.00 |........ 





' Eileen D. Mitchell, Laboratory Assistant on the API Project 6 at this Bureau, assisted in measuring 


refractive indices and preparing the illustrations for this report. 
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TABLE 4.—Amounts of the individual aromatic hydrocarbons in the aromatic 
distillate, to 160° ea for the seven naphthas 
































| | Esti- 

mated 

| Bred- | dale’ | Wink-| Mids | Con- | tet" 

rad- e- nk- : on- | taint 

~~} ‘Onis: | Te mag ‘i Kew ee, way, Toe, of indt 

point » a awlin, ‘ex. if. ex. | vidual 

Component at 1 ke ch. | deter- 

atm | mina 

| } | | | tion 

Percentage, by volume, of the aromatic anlien, to 160° C 
| | oy eae i oA 
°C | 

IR Sik encscccnacnennaad 80. 10 8.1 | 3.3 3.7 12.5 bp | 4.2 6.1 +0.6 
EE Oe gintivwhsienewed 110. 62 27.1; 27.4 29.3 35, 2 14.2 26.9 36.5 5 
Ethylbenzene............... 136. 19 9.9} 10.7 5.0 7.2 13.0 13.9 4.6 +1.2 
oS Ee 138. 35 5.1 7.9 9.7 5.6 19.8 9.2 8.8 +1.2 
ee 139. 11 27.1 30.6 | 35.3 23.9 13.4 22. 6 30. 2 +2.0 
RSI 144, 42 14.1 13.9; 12.1 10.3 4.8 13.2 10.1 +0.7 
Isoproplybenzene- -----_- ...| 152. 40 3.8 2.5 | 1.9 | 2.6 16.6 5.5 1.6 +.6 
n-Propylbenzene....-.._..-- 159. 22 4.2 | 3.7 | 3.0 | 27) 121 4.5 2.1 +.8 
| ROE 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0} 100.0 |...... 








TABLE 5. Amounts of the individual hydrocarbons (paraffins and naphthenes, 40° 
to 102° C, and aromatics to 160° C) in the original naphtha (approz.) 








| l 
| ' | m |Green- Wink- Mid 6 
rad-| dale- |Win id- on- 
Boili Okie Ten ford, | Kaw-| ler, | way, | roe, 
Component iat : tee awlin, Tex. | Calif. | Tex. 
#6 atl atm | | Mich. 
| | | 





Percentage by volume of the distillate 40° to 180° C 





PARAFFIN AND NAPHTHENE 



































| nnn aa ie we 
°C | 
Ea, to 49.26; 0.14; 0.2) 0.21) 0.24) 0.30] 0.73) 0.2 0.0 
2 zy Dimethylbutanc Sh ate alaih ee Sa 49.74 re | | a7 15 . 05 .2 . 25 .19 05 
2,3-Dimethylbutane- -__......._..-- 7. 99 .2B .41 . 43 . 30 . 52 . 30 31 0 
2Methylpentane | Re ae 60.27 | 1.12] 239] 3.42] 1.34] 167] 168] 1.83 0 
3-Methylpentane................_-- 63.28 | 1.04] 1.82) 204) 0.88 | 4.18} 1.14] 1.07 0 
a a —" 68.74) 5.30) 4.78 | 5.79 | 11.24 | 1.13 | 1.88] 2.36 4 
22 Dimetnylpentan See 7s 2.60) 3.61) 1.38 | 1.56 | 1.65} 3.98) 282] .0 
methylpentane___...__._.._-- . 20 
2's Dimethylpentane. 222222222} 0.1 |} 2 | 0-91} 0.86] 0.30] 0.83] 0.45| 0.40 0 
Cyclohexane........2..22222222.2-2-| 80.74 213] 1.83] 1.79) 1.99] .61/ 247| 4.13] 0 
(2,2,3-Trimethylbutane)......._._- | 80.88 |.......! | a : ee ees) 
(3,3-Dimethylpentane) _-...._..____- & | Yee ae ere ee ee ee caglowcnupad coebaren eee erste 
Hp mer) mar gamma SS aeee | Ge 0.49; 0.55) 0.53/| 0.36; .62/ 0.57] 0.48 «16 
2, methylpentane-..........-..- 4 » | 
——— | 90.05 } 3.28 3.80) 367) 1.88) 447| 214) 296) 2 
trans-1,3-Dimethyleyclopentane...__| 90. 8 3.55 | 3.89 1. 50 0. 68 | 1.54) 5.21} 1.48] z 
trans-1,2-Dimethylcyclopentane. --- . } 91.9 1.22; 1.56| 1.41 | .24; 1.19} 2.03 | 0.39 x 
3-Methylhexane-. ................... | 91.95 | 0.98; 1.16/ 1.51 -36 | 3.68 | 0.60) .45 ry 
(3-Ethylpentane) ..................- | Re dbwchacctesvasauiasectes|ovcocce aaa: ay Serene as 
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The letters A to ZL in figures 8 to 14 indicate the position, with 
regard to boiling point, of the 12 possible aromatic hydrocarbons 
sora boiling ‘between 160° and 180° C, as follows: A, 1—-methyl-3- 
ethylbenzene; B, 1-methyl-4- ethylbenzene; C, 1, 3, 5-trimethyl- 
benzene; D, 1-methyl- 2-ethylbenzene; E, tert-Butylbenzene; F, 1, 2, 
4- trimethylbe nzene; G, isobutylbenzene; H, sec- -butylbenzene; I; 1- 
methyl- 3-isopropylbenzene; dp: 1g: 2, Be trimethylbenzene; K, 1-methyl- 

4-isopropylbenzene; L, 1-methyl- 2-isopropylbenzene. The analyti- 
val data on the aromatics above 160° C are now being studied. 

Table 3 gives the amounts of the individual paraffin and naphthene 
hydrocarbons, 40° to 102° C, in each of the seven naphthas, in terms 
of the percentage by volume of the paraffin-naphthene portion, 40° 
to 102° C. The last column gives the estimated uncertainty of an 
individual determination. 

Table 4 gives the amounts of the individual aromatic hydrocarbons 
to 160° C in each of the seven naphthas, in terms of the percentage 
by volume of the aromatic portion to 160° C. The last column gives 
the estimated uncertainty of an individual determination. 

Table 5 gives the amounts of the individual hydrocarbons (paraffins 
and naphthenes, 40° to 102° C, and aromatics to 160° C) expressed 
in terms of the whole distillate, 40° to 180° C. (This was actually 
taken as the sum of the volumes of the paraffin-naphthene portion, 
40° to 180° C, and of the aromatic portion to 180° C.) The last 
column gives the estimated uncertainty of an individual determination. 


VI. DISCUSSION AND CORRELATION OF THE RESULTS 


1. AMOUNTS OF AROMATIC AND SULFUR COMPOUNDS 


As seen in table 2, the sulfur content of six of the naphthas is below 
0.05 percent by w eight, with the seventh naphtha, Winkler, Tex., 
containing 0.16 percent by weight. The corresponding amounts of 


sulfur compounds ranges from 0.007 to 0.17 percent by volume for 


six of the naphthas and is 0.59 percent by volume for the Winkler, 
Tex. naphtha. For five of the naphthas, the aromatic content 
ranges from 7.2 to 10.4 percent by volume, whereas the Winkler, 
naphtha is 4.9 and the Conroe, Tex. naphtha is 27.6 percent by 
voiume. 


2, AMOUNTS OF THE INDIVIDUAL PARAFFIN AND NAPHTHENE 
HYDROCARBONS, 40° TO 102° C 


Table 3 shows that the paraffin-naphthene portions of the seven 
naphthas contain the same hydrocarbon components, the difference 
between the several naphthas being in the relative amounts of the 


- components. 


There are listed in table 3 the six possible hydrocarbon components 
(excluding naphthenes other than alkyl cyclopentanes and alkyl cyclo- 
cee which were not present in detectable amounts. These 


; include three C, isoparaffins (2,2,3-trimethylbutane, 3,3-dimethyl- 


pentane, and 3- ethylpentane), one C, isoparaffin (2,2,4- trimethylpen- 
tane),® and two alkyl cyclopentanes (cis-1,3-dimethyleyclopentane 


| and cis-1,: 2-dimethylcyclopentane). To our knowledge, no one of 


these six hydrocarbons has yet been definitely identified as a compo- 
nent of naturally occurring petroleum. 





'The other octanes normally boil above 102° C and will be discussed in a later report. 
562899—44 3 








32 Journal of Research of the National Bureau of Standards 


3. RELATIVE AMOUNTS OF PARAFFINS AND NAPHTHENES, AND OF 
NORMAL PARAFFINS, JISOPARAFFINS, ALKYL CYCLOPENTANES, 
AND ALKYL CYCLOHEXANES 


Table 6 gives in the second and third columns the relative amounts 
of total paraffins and total naphthenes in the paraffin-naphthene 
portion, 40° to 102° C, for the seven napthas. In the last four 
columns of table 6 are given the relative amounts of the normal 
paraffins, isoparaffins, alkyl cyclopentanes, and alkyl cyclohexanes, 
which four classes appear (as will be seen later) to be the ones which 
are characteristic of the paraffin-naphthene portion of several crudes. 


TABLE 6.—Relative amounis of the total paraffins and total naphthenes, and of normal 
parafins, isoparaffins, alkyl cyclopentanes, and alkyl cycloheranes 






































| Total Total Normal Iso- Alkyl Alkyl 

paraf- naph- paraf- paraf- cyclo- cyclo- 

fins thenes fins fins pentanes | hexanes 

Naphtha 
Percentage, by 
volume, paraffin- Percentage, by volume, of the paraffin- 
naphthene portion, naphthene portion, 40° to 102° C 
40° to 102° C 
| 
: 7 

Pee, ee... 6-35. ----- en ene Be 56. 2 43.8 35.7 20. 5 23. 4 20.4 
ES ees se 52.0 48.0 24.7 27.3 26.0 22, ( 
ke, Ee ae ee eee. 66.6 33. 4 34. 4 32.2 13.4 2.6 
Greendale-Kawkawlin, Mich..-.......--. 76.3 23.7 63.1 13.2 8.0 15.7 
i. | 4. Sete aete epi ieaiy 71.1 28.9 9.5 61.6 20. 5 8.4 
i hc EDRF PP een Ee eeee ORE PEE IeaS 31.5 68. 5 10.0 21.5 41.0 27.5 
Conroe, Tex......-...------- 38.5 61.5 18. 2 20.3 | 17.3 44.2 








It is interesting to note the large range in composition covered: 
Total paraffins, 31 to 76; total naphthenes, 24 to 69; normal paraffins, 
9 to 63; isoparaffins, 13 to 62; alkyl cyclopentanes, 8 to 41; alkyl 
cyclohexanes, 16 to 44. 
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Fiacure 15.—Triangular plot showing the relation between the content of normal 
paraffins, isoparafins, and naphthenes (cycloparaffins), for the distillate, 40° to 
102° C, for the seven naphthas. 

A given corner represents 100-percent composition for the comporent indicated there; the base line opposite 
the given corner represents zero composition for that component. For example, a point at the norms 


paraffin corner represents 100-percent-norma! paraffins, and a point on the base line opposite (joining the 
naphthene and ésoparaffin corners) represents zero normal paraffins, 
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Figure 15 gives a triangular plot which shows graphically the rela- 
tive amounts of the normal paraffins, zsoparaffins, and total naph- 
thenes. 

These data indicate the extreme over-all range in composition of 
the nonaromatic portion of the seven naphthas, and indicate that the 
Advisory Committee made a good selection of crudes for this investi- 
gation. 


4, RELATIVE AMOUNTS OF THE COMPONENTS WITHIN GIVEN 
CLASSES 


Table 7 gives, for each of the seven naphthas, the relative amounts 
of the following individual components and ‘groups of components: 

C, and C,; normal paraffins. 

C, and C, isoparafiins. 

C, isoparaffins. 

Individual C, isoparaffins. 

Individual C, isoparaffins. 

C;, Ce, and C; alkyl cyclopentanes, 40° to 102° C. 

Individual alkyl cyclopentanes, 40° to 102° C. 

C, and C; alkyl cyclohexanes. 

C,, C;, and Cy aromatic hydrocarbons. 

Individual Cg aromatic hydrocarbons. 


For each of these groups, there are given the averages of the relative 
amounts of the components, together with the ranges covered. It is 
seen that, within the given classes, the individual hydrocarbons occur 
in proportions which are of the same order of magnitude for the seven 
naphthas. 
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5. RELATIVE AMOUNTS OF THE ALKYL CYCLOPENTANES AND 
ALKYL CYCLOHEXANES, 40° TO 102° C 


Table 8 gives the relative amounts of the alkyl cyclopentanes and 
alkyl cyclohexanes, 40° to 102° C. As can be seen, the relative 
amounts of these two groups of components show little correlation, 
but rather appear to be characteristic of the crude, just as are the 
relative amounts of the normal paraffins and isoparaffins. 


TABLE 8.—Relative amounts of the alkyl cyclopentanes and alkyl cyclohezanes ir 
the seven naphthas, 40° to 102° C 














| | a oe | aia 
| | rad- le- =| wy: id- 
Components ong ance ford, Kaw- | _ way, 7 
2 a Pa. kawlin, | J Calif. | a 
| Mich.’ | 
| = 
| | | | 
Alkyl] cyclopentanes______.___- 53 | 53 | 34 | 34 | 71 | 60 8 
Alkyl cyolohexanes---......-_- 47 | 47 66 | 66 | 29 | 40 
ee | 100 ; 100} 100} 100 | 100 | 100 100 
| 








1. The gasoline fraction of different crudes may be characterized 
by specifying the relative amounts of the following five classes of 
hydrocarbons:'’® Normal paraffins, isoparaffins, alkyl cyclopentanes, 
alkyl cyclohexanes, and aromatics. ° 

2. The gasoline fractions of different crudes are composed of the 
same hydrocarbons, the differences from one crude to another being 
essentially in the relative amounts of the foregoing five classes of 
hydrocarbons. 

3. Within each of these five classes, the individual hydrocarbons 
occur in proportions which are of the same order of magnitude for 
different naphthas. 

4. It appears possible to predict the order of magnitude of the 
amounts of the individual hydrocarbons, paraffins, and naphthenes, 
40° to 102° C, and aromatics to 160° C, in an appropriate fraction 
of a given naphtha when there are known the relative amounts of 
the foregoing five classes of hydrocarbons, or alternatively for each 
class, the amount of one of the main components of that class. 


VII. CONCLUSION 


On the basis of the data obtained in the present investigation, the 
following conclusions may be drawn with regard to the composition 
of the gasoline fraction of different petroleums, to 102° C for paraffins 
and naphthenes and to 160° C for aromatics. The extent to which 
these conclusions may be applied to higher-boiling material will be 
determined by the studies now in progress, 
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MEASUREMENT OF THE REFRACTIVE INDEX AND DIS- 
PERSION OF OPTICAL GLASS FOR CONTROL OF PRODUCT 


By Helen L. Gurewitz and Leroy W. Tilton 


ABSTRACT 


Commercial critical-angle refractometers are inadequate for acceptance tests 
on optical glass for precision uses. To facilitate spectrometer determinations, 
coefficients ! have been devised which, together with a table of natural sines and 
slide-rule operations, permit the computation of refractive indices of glass with 
an accuracy of +3X10-* from minimum-deviation data taken on prisms having 
angles of 60° +30’. 


The refractive index and dispersion cf optical glass that is used for 
lenses and for other refractive purposes are the most important char- 
acteristics of such glass, and considerable attention should be given 
by the manufacturer to their appropriate measurement. Adequate 
measurements of dispersion are more difficult than those of refractive 
index as such. The value v=(n,—1)/(N,—N-), used for expressing 
the dispersion of optical glass, is often specified by purchasers with 
tolerances of two or three tenths of a unit. The critical factor in its 
determination is the partial dispersion (N,—N,), which ranges from 
0.00800 for borosilicate crown with n,=1.517 and v=64, to 0.02100 
for extra-dense flint with n,—1.671 and v=32. It is evident that the 
difficulties exist chiefly for crown glass, where errors of +0.000012 in 
measuring both n, and n, can result in errors of +0.2 in v value. 

Since it is obviously desirable that the errors of acceptance and rejec- 
tion tests should be appreciably smaller than the tolerances specified 
for acceptance, and because the measurement of refractive index with 
errors of appreciably less than +0.000012 is exceedingly difficult, there 
is a logical demand that the close tolerances sometimes specified for 
vy values, especially for crown glass, should be eased whenever it is 
possible to do so. 

Following progress in the easing of acceptance tolerances, there is a 
tendency to abandon efforts to get optimum accuracy in index 
measurements. This tendency is unfortunate and surprising because 
tolerances for optical glass are usually comparable with, and some- 
times smaller than, the limits within which a manufacturer controls his 
product, and under these conditions both seller and buyer should be 
interested in keeping the range of uncertainties in acceptance tests 
appreciably smaller than the tolerances specified for acceptance. 
Assuming only chance errors, and assuming definite acceptance or 


_-—— 


. ' The computational process and the tables here described, with particular reference to glasses with indices 
in the range 1.509 to 1.532, have been extended for glasses up to 1.677 in index. Copies of the full table of 
coefficients, C, have been duplicated for distribution upon request. 
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rejection according to the results of relatively imprecise tests, the | 
volume of acceptable product that is rejected will necessarily tend to | 
exceed that of the unacceptable product that is delivered. This | 


means great loss by the manufacturer when the specified tolerances 
approximate the limits within which he is able to control the major 
portion of the product. The interest of the purchaser increases a; 
the specified tolerances become narrow in comparison with the degree 
of control, because the accepted glass will necessarily include much 
that lies outside the tolerances, and thus the accepted product will be 
much less homogeneous than is desired or supposed. 

The importance of precision and accuracy in refractive index 
measurements for control of product is recognized by European manuv- 
facturers. According to the Jena glass catalog, spectrometer measure- 
ments are made by Zeiss for every melt with an accuracy of +5 in the 
fifth decimal place for each refractive index and +2 in the fifth decimal 
for each partial dispersion. This corresponds to +0.15 in v value for 
crown glass. 

At the Chance-Parsons plant, a spectrometer is used to determine 
the dispersions listed in the catalog, and ‘routine measurements of 
refractive indices of meltings are made with a Pulfrich refractomster 
which has been standardized by reference prisms carefully measured 
on an accurate spectrometer.”’ The ‘‘Pulfrich” refractometers used 
in England for such purposes are not the Pulfrich refractometer 
as made by Zeiss but improved models, specially built in England 
and calibrated at the National Physical Laboratory. Even so, it is 
admitted that the errors are +3 in the fifth decimal place for the 
partial dispersions, which may correspond to +0.23 in ». 

At the National Bureau of Standards, with a Zeiss Pulfrich refrac- 
tometer, it is found that errors in dispersion measurement are from 
50 to 100 percent higher than those cited in the Chance-Parsons 
catalog for their Pulfrich refractometer measurements. There are no 
standard or “‘precision”’ refractometers that are commercially obtain- 
able and sufficiently accurate to determine the » values of light crown 
glass, in a manner satisfactory to either manufacturer or purchaser, 
when making acceptance tests where the v values are specified to 
+0.3 or +0.5. The highest accuracy attainable with the best of 
selected and tested precision refractometers approaches but certainly 
does not fully equal the accuracy that is desirable. The errors in 
such refractometric determinations result in an uncertainty of approx- 
imately +0.5 in v value for crown glass, and thus it could happen 
that almost all decisions reached by such procedures would be erro- 
neous for crown glass. 

Consequently, spectrometer measurements and the use of prisms 
are imperative for control of product in the manufacture of opticai 
glass, if the constants of glass are to be known with the degree 0! 
accuracy that characterizes data commonly supplied with optical glass 
that is imported for high precision uses. Nevertheless, because of the 
time required for accurate spectrometer measurements, and_ alsi 
because the v value of glass varies very little from melt to melt mad: 
with a given batch composition and manufacturing procedure, it may 
be advisable, especially during wartime, and for certain purposes, ‘0 
rely to some extent on precision refractometer measurements for the 
values of the refractive indices themselves, and for the detection 0! 
gross errors in composition. 





a a a a 
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Whenever critical-angle refractometers are employed for these 
purposes they should be used strictly as comparison instruments 
through continual use of representative specimens, including some 
from each type of glass, that have previously been standardized by 
use of a spectrometer.’ It is suggested that the v value of a fine an- 
nealed sample from every fifth melt of crown glass of each type, all 
melts being made with a given batch composition and manufacturing 
procedure, and likewise from every tenth melt of flint glass, should 
be measured by means of an accurate spectrometer in order to obtain 
accurate information on » values and to check the over-all accuracy 
of the refractometer procedures. 

The time required for making prisms and for the spectrometer 
determinations can be safely reduced by slight easing of the tolerances 
on flatness of prism surfaces and by using a constant tube length for 
the collimator,’ also by approximate temperature control for all crown 
prisms. Moreover, the time required for the precise computation of 
refractive index to six or seven significant figures by the well-known 
formula 


n=sin 0.5(A+D)/ sin 0.5A, (1) 


where A is the refracting angle of the prism, and D is the angle of 
minimum deviation, can be materially shortened and the chance of 
error reduced by use of a single-entry table of index as a function of 
modified or pseudo values of 2D. One table, made for prisms of ex- 
actly 60°, serves for all wavelengths, (visible spectrum) and for all 
prism angles in the neighborhood of 60°. 

In making the table, the proper entries are readily computed as 
n=2 sin (30°+0.5D), which gives the index for a prism of exactly 60°. 
Thus for a tabulation at intervals of 1 minute of are in 2D, which 
proves ample for precise work to six decimal places, one merely doubles 
the values read from a table of natural sines at intervals of 15 seconds 
of are. Table 1 is an example of such a table. It includes the lim- 
ited refractive-index range n=1.509419 to n=1.531995, especially 
useful with prisms of borosilicate glass. 

The uniformity with which the sine changes in the neighborhood of 
60° and of 2D (for glass prisms) permits the precise use of such a table 
for all prism angles within 60°+30’ by merely modifying, in each 
case, the actually observed 2D, by a quantity A2D that closely 
compensates for the particular existing AA=A—60°. In order to 
compute an auxiliary table for getting A2D for particular values of 
AA, equation 1 is differentiated, and the desired relationship is 
expressible as 


A2D=2 [sin 0.5D cosec 0.5A sec 0.5(A+D)] AA, (2) 


where for crown glass the quantity in brackets is so near 1 that it is 
convenient to rewrite equation 2 as 

A2D=(1+C) (24A) (3) 

and tabulate in table 2 only the small coefficients, C= (A2D/24A)—1. 

These can be used with a slide rule in evaluating for any crown-glass 

iL 

L 





W Tilton, J. Opt. Soc. Am. 32, 371 (1942); J. Research NBS 30, 311-328 (1943) RP1535. 
W. Tilton, BS J. Research 11, 25-27 (1933) RP575. 
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prism of 60°+AA the equivalent double deviation, 2D, for a prism 
of exactly 60° in accord with the equation 


2Dw=2D4—(24A)—C(2AA). (4) 


With the values of 2D. thus computed, the refractive index of the 
prism that is being measured is found by linear interpolation in table | 

In selecting a value of C for use in equation 4 it is necessary to take 
a C that is computed for the midrange of the particular AA and A2D iy 
question. Accordingly, in making table 2, the C values computed 
for A,=60°+AA/2 are tabulated under the observed values of 





A=60°+AA. Values of C computed for 2D,=2D4,—(1+ C)AAEe | 


2Dom+(1+C)AA are tabulated on lines designated by ine of 2D. 

The computation of index can be quickly made with an accuracy of 
+310, usually without logs, other tables, or a computing machine. 
The necessary steps are (1) find C from table 2, and (2) find 
—AA=(60°—A). Then (3) mentally double —AA and (4), usually 
with a slide rule, form product —C(24A) in order (5) to add the terms 
—2AA and —C(2AA) to 2D, and thus obtain 2Dy5 with which (6) to 
enter table 1 for n. Two examples of the use of these tables are ap- 
pended, and for one of them the corresponding solution by logarithms 
is given. 

TABLE 1.—Indices of refraction, 1.5094 to 1.5320 for 60° prism 

[For other prisms, A=60° +30’, find 2D «=2Da—24A—C (2AA). See table 2. Read initial digits in 
column on same line with tabulated values unless asterisk refers to initial digits on next line below.] 











Minutes of arc 

















60 
0 1 2 3 4 5 6 7 8 9 
| | | | 
76° 0’ 1.509 419 | 515! 610! 705| 801] 896 992 *087 | 182 *77 
10’. | 1.510 373 468 564| 659/| 754 850 945 *040 *135 *7 
20/ 1.511 326 421 517 612 707 802 897 | 993 *088 18 
30’ 1.512 278 373 468 | 564] 659 754 849 | 945 *040 *135 
40’ | 1.513 230 325 420} 515 610 705 800 | 895 990 0s 
50’ | 1.514 180 275; 37 | 465 560 655 750 845 940 *035 
| | | 
77° 0! 1.515 130 225 320 415| 509 604 699 794 | 889 gst 
10’ 1.516 079 173 | 268 363 | 458 553 648 743 337 | 39 
20’ 1.517 027 192) 317 311} 406} 501} 595 690| 785| & 
30’ 1.517 974 *069 | *164 *258 *353 | *448 *542| 637] *732 *8 
40/ 1.518 921 *016 |  *110 *205 *299 | 9304 | %488 | *583 | *678 
50! 1.519 867 961 | *056 "150 | °245| %339| °434/ *528| °%623 . 
| | 
78° 0’ 1.520 812 906 *001 *095 "190; *284/ °378| °473| *567 *66l 
10’ 1.521 756 850 944 *039 *133 *228 | *322| *416 *511 * 
20’ _. 1.522 7 794 888 982 *076 | *171 | 265 *359 *453 *548 
30’. 1.523 642 736 830 924 *019 *113| *207| *301 *395 44 
40’ 1.524 584 | 678 772 866 960 *054 *148 | *242| 336 
- 1.525 524 | 618 712 | 807 901 995 | *089 | *183 | *277 . 
1 1.526 465 | 559 653 | 747 841| 934] 028] *122| °%216 : 
Ws Gc 1.527 404 | 498 592 | 686 779 | 873 | 967| "O61 | %155 ° 
20’... 1.528 343 | 437 530 624 718 | = 81L | 905 999 *093 . 
_ (= 1.529 280 374 468 561 655| 749| 843] 936 *030| * 
40’. 1.530 218 | 311 405 498 | 592| 685| 779) 873] 966 ‘ 
_ eee 1.531 153 | 247 340 434 | 528 | 621 715 308 | 902 
96 95 94 93 
1 9.6 9.5 9.4 9.3 
2 19.2 19.0 18.8 18.6 
3 28.8 28. 5 28.2 27.9 
4 38.4 38.0 37.6 37.2 
5 48.0 47.5 47.0 46.5 
6 57.6 57.0 56. 4 55.8 
7 67. 3 66.5 65.8 65. 1 
8 76.8 76.0 75.2 74.4 
9 86. 4 85.5 84.6 83.7 
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Refractivity of Optical Glass 


TasLy 2.—Coefficients for use with table 1 when A differs from 60° 


{Divide values listed below by 100 to get C=(A2D/2AA) —1.] 








Observed 2D 


= 


COMPUTATION OF REFRACTIVE 


Observed values of A 








| 

59°30’ | 59°40’ 59°50’ 60°00’ 

+0.25 | —0.08 —0. 41 —0. 75 
55 | +... —.11 —.45 
85 51 +.17 —.16 
1.15 81 | 47 +. 13 
1.45 | 1.10 | 76 42 
1.74 | 1. 40 1. 06 By 
2. 03 | 1. 69 1.35 1.01 
2.33 | 1.99 1. 65 | 1. 31 
2. 63 | 2, 29 | 1.95 | 1. 60 
2.94 | 2. 60 | 2, 25 | 1.90 
3. 24 | 2.90 | 2. 55 2. 20 
3. 54 3. 20 | 2. 85 2. 50 
3.84] 3.50| 3.15 2. 80 
4.14 | 3. 80 3.45 3.10 
4.45 | 4.10 3. 75 3. 40 
4.76 4. 40 4.05 | 3.70 
5.07 4.71 | 4.35 | 4.00 
5. 37 | 5. 02 | 4. 66 | 4. 30 
5. 68 | 5.32 | 4.96 | 4. 60 
5.99 5. 62 | 5. 26 | 4. 90 
6. 30 5.94 | 5. 57 5. 20 
6. 61 6. 24 | 5. 87 5. 50 
6.91 | 6. 54 | 6.17 5. 80 
7.0 6.85 | 6. 48 6 





Two examples by use of tables 1 and 2: 


Remarks 


Observed A_---- 

Observed 2D4_- 

C (table 2)... 
AA= (60° —A 


(ZAM) oe 


C(2hA).... 


Deo Te ee 
n (table 1)_- 





60°10 | 60°20’ 60°30’ 

—— —_—_——__ = _ —— _—__—____ 
—1.08 —1.41 —1.74 
—0. 79 —1,.12 —1. 46 
—. 50 —0. 84 —1.18 
—. 2] —.55 —(), 89 
+. 08 —. 26 —. 60 
.37 | +. 03 —.3l 
0. 66 | 0. 32 —0. 02 

. 96 | . 62 +. 28 

1. 26 | .92 . 58 
1, 55 1, 21 . 87 
1,85 1.51 ‘HD eg 
2. 15 1,81 | 1. 47 
2.45 2.11 1.7 
27 2. 40 2. 06 
3. 04 2. 70 2. 36 
3. 35 3. 00 2. 65 
3. 65 3. 30 2.95 
3. 94 3. 59 | 3. 24 
4. 24 3. 89 | 3. 54 
4. 54 4.19 3. 84 
4.85 4.49 4.13 
5.15 4.79 4. 43 

5. 45 5. 09 4. 73 
5.75 5.39 5. 03 


INDEX, n 








14.62’ 


Example 1 (A<60°) 
59°45.38’ 
77°47.59' 


0.0295 


29.24 | 


(.0295 x 29.2) = 0.86 


78° 17.69’ 


1.522482 


Example 2 (A>60°) 


60° 17.04’ 
77°31.56' 


0.0136 


— 17.04’ 


— 34.08 


i— (.0136 x 34.1)=— 0.46 


76°57.02’ 


1.514847 
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COMPUTATION OF REFRACTIVE INDEX, n 


One example by use of logarithms: 











oe eee eres 59°45/22.6’’ 
CD 2 ES RE ee eee 77°47'35.4”" 
UO, a es ee 29°52’41.3”’ 
PU et | re ire eee ene Spey eee 19°26’53.9"’ 
Smee oe Gr cap bheannaceeaxns 49°19'35.2’" 
Log sin 49°19’30’’___--_----- BAe ene 9.8799091— 10 
62x O.00001 Gil ......-- Rep ee | ita ee ee 0.0000094 
TS a re ooreee 9.8799185—10 
Se a ies wi pind cine lb & & ow a hw we ln 9.6973614—10 
OO Uy fate a rn ano aa Le = ae 0.0000048 
| Se eo ee ee _.. 9.6973662—10 
Log n= (1) — (2)__---~- a ar er ae ocemina 0.1825523 
a dain a in nies +s tkdonk snd nae enw wine .1825288 
(ES (| oe ee eee LS Se gets ae a 0.0000235 
DAR RIDE oie eee ie ee ee .000082 
1.522400 
ea ee a 2 ee 1.522482 


WasHincton, November 19, 1943. 


O 











